Introduction
Activated protein C (APC) is a dual-function blood coagulation enzyme with potent anticoagulant and cytoprotective activities. 1, 2 APC's cytoprotective effects generally counteract cellular stress and promote cellular survival and, depending on cell type and cellular insult, may include antiapoptotic activity, antiinflammatory activity, alterations of gene expression profiles, and protection of endothelial barrier functions. [3] [4] [5] [6] [7] [8] The current paradigm for APC's cytoprotective effects on cells involves binding of APC to endothelial protein C receptor (EPCR), permitting the APC-mediated proteolytic cleavage of the protease activated receptor 1 (PAR1) N-terminus and generation of a novel N-terminal tethered ligand to activate PAR1-meditated signaling pathways. Although incomplete, this model has been extremely helpful for the conceptual separation of APC's anticoagulant and cytoprotective activities. [9] [10] [11] [12] The use of cytoprotective selective-and anticoagulant selective-APC mutants helped identify the relative contribution of APC's dual activities to therapeutic, relevant, beneficial effects in injury and disease models in vivo. Collectively, these studies indicated a major role for APC's cytoprotective effects for mortality reduction in various sepsis models and neuroprotective effects in ischemic stroke models. 12, 13 These cytoprotective effects of APC are not only important when exogenous APC is administered in vivo but also when the endogenous APC cytoprotective activities reduce susceptibility to lipopolysaccharide-induced endotoxemia. 14 Thus, given the physiological importance of the APC cytoprotective pathway, it is imperative to get a better understanding of the mechanisms involved.
Recent evidence showed that cytoprotective signaling by APC occurs in PAR1-and EPCR-containing lipid rafts or caveolae and is dependent on caveolin-1. 15, 16 Furthermore, barrier-protective APC signaling via PAR1 requires b-arrestin recruitment and downstream signaling rather than the traditional G-protein-coupled signaling, thus providing a first clue that APC-mediated PAR1 signaling is clearly distinct from traditional PAR1 signaling. 17 Despite these refinements of the molecular model for APC's cytoprotective effects on cells, major questions remain to be answered. How can APC convey cytoprotective effects via PAR1, whereas thrombin uses the same receptor to mediate opposite proinflammatory effects?
PAR1 is a 7-transmembrane G protein-coupled receptor and part of a 4-member family (PAR1 through PAR4) that requires proteolytic cleavage of its N-terminus to reveal a tethered-ligand sequence for activation of intracellular signaling cascades. 18 PAR1 is best known as the thrombin receptor on human platelets, whereas mouse platelets, which are devoid of PAR1, use protease activated receptor 3 (PAR3) and PAR4 to induce platelet activation in response to thrombin. 19 PAR3 is the odd member of the PAR family, as it is considered a nonsignaling receptor and agonist peptides representing the tethered-ligand exposed after proteolytic cleavage by thrombin at Lys38 failed to induce PAR3-dependent intracellular signaling pathways but rather activated PAR1 and PAR2. [20] [21] [22] Early studies suggested that PAR3, in addition to PAR1, contributed to APC's neuroprotective effects in vivo, as blocking antibodies against murine PAR3 or genetic deletion of PAR3 partially abrogated the effects of APC. 23 Recently, PAR3 was also implicated in nephroprotective effects of APC in vivo and in the antiapoptotic activity of APC on podocytes. 24 Because both thrombin and APC seem to activate PAR3, we hypothesized that differences in thrombin-mediated vs APC-mediated PAR3 activation may provide novel insights into the opposing PAR1-dependent effects of APC vs thrombin signaling.
Methods
See supplemental Methods (on the Blood website) for details not found here.
PAR3 cleavage assays
Cleavage of the PAR3 synthetic peptide representing residues 21 to 65 of the PAR3 N-terminal tail by APC and thrombin was performed as described. 9 On Cell Western assays for PAR3 PAR3 On Cell Western assays were done according to the manufacturer's recommendations using anti-PAR3 antibodies M14, H103, or Mab19b and the In Cell Western module of Odyssey Imager (LI-COR) with Image Studio Software v2.0.
Endothelial barrier assay
Permeability of endothelial cell (EA.hy926) barrier function was determined as described using APC (20 nM) or PAR3 peptides (all 50 mM) and thrombin (10 nM) induced permeability. 11 Alternatively, endothelial permeability was induced by histones (10 mg/mL; from calf thymus [Roche]).
In vivo vascular permeability assay
The study was approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute and complies with National Institutes of Health guidelines. SKH1-E hairless male (6-8 weeks old) were from Charles River Labs (Wilmington, MA). Vascular permeability was determined using a vascular endothelial growth factor (VEGF)-induced leakage model with some modifications. 25, 26 Peptides, phosphate-buffered saline control, and Evans blue were injected intravenously and VEGF was injected subcutaneously. Evans blue extravasation in the skin was quantified using the Odyssey Imager (LI-COR).
Statistical analysis
Statistical significance (P , .05) was determined using a Student t test or one-way ANOVA and Bonferroni multiple comparison post-tests as appropriate (Prism 5.0; Graphpad Software, La Jolla, CA).
Results
Cleavage of PAR3 by APC is dependent on EPCR Using a secreted embryonic alkaline phosphatase (SEAP)-PAR3 fusion construct expressed in HEK-293 cells, no cleavage of PAR3 by APC was observed in the absence of EPCR ( Figure 1A) , whereas APC potently cleaved PAR3 in the presence of wild-type (wt)-EPCR ( Figure 1B ). Cleavage of PAR3 by APC was observed at APC concentrations between 5 and 50 nM, which are comparable with APC concentrations required for cytoprotective activities in vitro. 10, 11 In contrast, thrombin cleaved PAR3 efficiently both in the absence and presence of EPCR, as anticipated. Cleavage of PAR3 by APC required APC binding to EPCR, as APC failed to cleave PAR3 in the presence of E86A-EPCR that is defective in APC binding ( Figure 1C) . 27 To determine the requirement of EPCR for APC-mediated PAR3 cleavage in more detail, wt-EPCR expression in SEAP-PAR3 cells was regulated using an IPTGinducible vector (EPCR-pTUNE). 28 Very little EPCR was expressed in the absence of IPTG as determined by On Cell Western or traditional western blot but at saturating concentrations of IPTG expression of EPCR increased twofold, yet was still fourfold lower than the level in wt-EPCR/SEAP-PAR3 cells (supplemental Figure 1A-B) . APC-mediated PAR3 cleavage increased proportional to the expression of EPCR ( Figure 1D ), indicating that APC can cleave PAR3 at low expression levels of EPCR that are comparable with those found in endothelial cells (supplemental Figure 1B) . Reflecting the divalent cation profile of APC binding to EPCR, 29 PAR3 cleavage by APC required CaCl 2 and was enhanced by low concentrations of ZnSO 4 at saturating concentrations of CaCl 2 and MgCl 2 (supplemental Figure 2) . Neither hirudin nor the matrix metalloproteases inhibitor, GM6001, inhibited APC-mediated PAR cleavage, indicating that cleavage of PAR3 was not due to traces of thrombin in the APC preparation or to APC-mediated induction of cell-derived matrix metalloproteases ( Figure 1E ). Inhibition of APC-mediated PAR3 cleavage by the APC activity-blocking antibody C1 indicated that the activity of APC was required. Inhibition of thrombin-and APC-mediated PAR3 cleavage by the PAR3 cleavage-blocking H103 antibody For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From confirmed the specificity of the observed PAR3 cleavage, whereas the nonblocking M14 anti-PAR3 antibody against extracellular loop 3 was without effect ( Figure 1F ). Thus, cleavage of PAR3 by APC requires the presence of functional EPCR and is directly proportional to the EPCR expression level on the cell surface.
Identification of the APC cleavage site in PAR3
Based on the canonical Lys38 cleavage site for thrombin, cleavage of PAR3 by APC at Lys38 is highly unusual, as proteolysis of the scissile bond by APC generally occurs after an Arg residue. Therefore, the APC proteolysis profile of a synthetic PAR3 peptide, representing residues 21 to 65 of the PAR3 extracellular domain (peptide P3; supplemental Figure 4 ) was determined and compared with thrombin. Upon proteolysis of the P3 peptide by APC, 2 distinct fragments became apparent that were different from the parental peptide ( Figure 2A) . Interestingly, the APC-generated fragments were different from the 2 fragments generated by thrombin, indicating that proteolysis occurred at different cleavage sites. Analysis of the fragments by mass spectrometry (supplemental Matching of the fragments' molecular weight to the peptide sequence revealed that APC cleaved P3 at Arg41, whereas thrombin cleaved P3 at Lys38 (Table 1) . Chromatography of the synthetic peptides (supplemental Figure 4) representing the Cterminal fragment after cleavage by APC (P3R L residues 42-65) or thrombin (P3K L residues 39-65) resulted in identical peaks compared with the corresponding fragments generated by proteolysis, indicating the accuracy of the Mass-Spec determination and identification of the P3 cleavage sites ( Figure 2B ). APC-mediated cleavage of the P3 peptide was enhanced in the presence of CaCl 2 , whereas CaCl 2 or EDTA did not influence cleavage by thrombin ( Figure 2C ). No evidence was found that the presence of CaCl 2 or EDTA altered the cleavage site for APC or thrombin. Cleavage of the P3 peptide by thrombin at Lys38 was inhibited by hirudin, but cleavage by APC at Arg41 was not ( Figure 2D ). To determine whether proteolysis of the P3 peptide by APC or thrombin occurred at sites other than Lys38 and Arg41, the generation of concentrationand time-dependent cleavage fragments was determined. Halfmaximal cleavage of the P3 peptide by thrombin in 1 hour required ;6 nM thrombin ( Figure 2E ), whereas half-maximal cleavage by APC for 10 hours required closer to 1000 nM APC ( Figure 2F) . Similarly, half-maximal cleavage of the P3 peptide by 10 nM thrombin was achieved in ;18 minutes ( Figure 2G ), whereas halfmaximal cleavage by 500 nM APC required ;7 hours ( Figure 2H ). Importantly, no additional cleavage fragments for either thrombin or APC could be detected, indicating that cleavage of the P3 peptide at Arg41 by APC is not preceded by cleavage at Lys38, as the cleavage of the PAR1 peptide at Arg46 by APC is preceded by cleavage at Arg41. 30 Noncanonical PAR3 cleavage at Arg41 by APC on cells
To confirm that APC also cleaved PAR3 at Arg41 and not at Lys38 on cells, the corresponding mutations were introduced in SEAP-PAR3. Mutation of Lys38 abolished thrombin-mediated PAR3 cleavage ( Figure 3C ), but in the presence of wt-EPCR, APC could still cleave PAR3 despite the Lys38 cleavage site mutation ( Figure 3D ). Conversely, mutation of the Arg41 allowed for efficient cleavage of PAR3 by thrombin ( Figure 3E ), whereas APC failed to cleave Arg41-mutated PAR3 in the presence of EPCR ( Figure 3F ). Both thrombin and APC did not induce PAR3 cleavage when both Lys38 and Arg41 cleavage sites were mutated regardless of the absence ( Figure 3G ) or presence ( Figure 3H ) of EPCR, indicating that Lys38 and Arg41 are the only cleavage sites available in PAR3 for thrombin and APC, respectively. Accordingly, mutation of Lys32 resulted in PAR3 cleavage by thrombin and APC in the absence ( Figure 3A ) and presence of EPCR ( Figure 3B ) that was indistinguishable from cleavage of the wt-SEAP-PAR3 cleavage by these proteases ( Figure 1A-B) . Analysis of PAR2 cleavage by APC provides additional evidence on the specificity of APC cleaving PAR3 at Arg41. APC showed appreciable PAR2 cleavage in the presence of wt-EPCR, albeit at APC concentrations that were 10-fold higher than required for PAR3 cleavage by APC (supplemental Figure 5 ). Similar to cleavage of PAR3 by APC, cleavage of PAR2 by APC was dependent on the presence of functional EPCR, as E86A-EPCR did not support APC-mediated PAR2 cleavage. No SEAP-PAR2 cleavage was observed in the presence of thrombin (data not shown). Despite the presence of several basic residues neighboring the PAR2 canonical cleavage site at Arg36, mutation of Arg36 abolished EPCR-dependent APC proteolysis of PAR2 (supplemental Figure 5) . Thus, proteolysis of canonical and noncanonical cleavage sites in PAR2 and PAR3 by APC are PAR specific and sequence specific, although both cleavages require APC binding to EPCR.
To determine whether APC can cleave PAR3 on endothelial cells expressing endogenous PAR3 and EPCR, available PAR3 antibodies were screened for recognition of cleavage-sensitive epitopes. Cleavage-blocking antibody H103 recognized an epitope N-terminal of Arg41 ( Figure 4A ), as it did not recognize the P3K L and P3R L peptides C-terminal of the thrombin and APC cleavage site ( Figure 4B) . However, the presence of an additional epitope at residues 66 to 103 could not be excluded, because H103 was raised against a PAR3 fragment comprising residues 1 to 103. H103 showed little preference for the N-terminal APC-derived fragment compared with the thrombin-derived fragment. Recognition of SEAP-PAR3 cells with H103 after incubation with thrombin confirmed the loss of an H103 epitope after PAR3 cleavage ( Figure 4C ). Furthermore, incubation of cells with APC resulted in a loss of the H103 epitope (indicating PAR3 cleavage) in the presence of EPCR but not in the absence of EPCR, thus confirming EPCR-dependent cleavage of PAR3 by APC ( Figure 1A-B) . On endothelial cells, both thrombin and APC induced a significant reduction of the H103 epitope, whereas reactivity with anti-PAR3 antibody M14 against the third extracellular loop of PAR3 remained unchanged after thrombin or APC incubation, indicating that the reduction of H103 reactivity was due to cleavage and not internalization of PAR3 ( Figure 4D ). Cleavage of endothelial PAR3 was confirmed using antibody Mab19b with its epitope previously mapped to PAR3 residues 39 to 51. 31 As anticipated, Mab19b did not recognize the P3R L peptide C-terminal of the APC cleavage site, but recognition of the suggested epitope encompassing P3K L peptide was ,5% of the parental P3 peptide, suggesting that recognition of PAR3 by Mab19b was cleavage sensitive and that additional residues N-terminal of Thr39 likely contribute to its epitope ( Figure 4B ). Confirming the H103 antibody results, reactivity of endothelial cells with Mab19b significantly diminished after thrombin or APC treatment ( Figure 4D ). Thus, APC cleaved PAR3 on endothelial cells expressing endogenous PAR3 and EPCR.
APC-derived PAR3 tethered-ligand peptides are endothelial barrier protective and reduce vascular leakage in vivo PARs are unique among G protein-coupled receptors in that they carry their own encrypted tethered ligand immediately N-terminal of the cleavage site only to be exposed after proteolytic activation of the PAR. Noncanonical cleavage of PAR3 by APC at Arg41 would therefore implicate either creation of a novel PAR3 tethered ligand or destruction of the PAR3 tethered ligand exposed by For personal use only. on April 12, 2017. by guest www.bloodjournal.org From canonical cleavage of PAR3 at Lys38 by thrombin. Barrierdisruptive effects by thrombin are known to involve PAR1, but the contribution of PAR3 is not as well appreciated. 32 However, the PAR3 cleavage blocking antibody H103 prevented thrombininduced endothelial permeability similar to the PAR1 cleavageblocking antibody ATAP2 ( Figure 5A ), indicating that thrombin's endothelial barrier-disruptive effects required both PAR1 and PAR3. Thus, APC could conceivably cleave PAR3 to prevent thrombin-mediated PAR3 effects. To determine whether PAR3 cleavage at Arg41 created a novel tethered ligand, peptides representing the new N-terminus after APC cleavage at Arg41 were generated and compared with peptides representing the N-terminus after thrombin cleavage at Lys38 (supplemental Figure 4) . Insights gleaned from TRAP peptides suggested that the first 6 residues are a minimal requirement to induce PAR1 activation, 33 but 6-mer PAR3 peptides either starting at Thr39 (P3K S ) or Gly42 (P3R S ) did not prevent thrombin-induced endothelial barrier disruption ( Figure 5B ). In contrast, longer PAR3 peptides derived from APC cleavage starting at Gly42 and ending at Ser54 (P3R M ) or Thr65 (P3R L ) both prevented thrombin-induced endothelial barrier disruption similar to APC (Figure 5C-D) . Remarkably, the same peptides derived from thrombin cleavage starting at Thr39 and ending at Ser54 (P3K M ) or Thr65 (P3K L ) did not reduce thrombin-induced barrier disruption. Thus, APC cleavage of PAR3 at Arg41 created a novel tethered ligand that conveyed APC-like barrier-protective effects on endothelial cells. Because PAR3 was involved in both barrier-protective effects by APC and barrier-disruptive effects by thrombin, histones were used to induce endothelial permeability independently of thrombin. 34 Histones induced a rapid increase in endothelial permeability, which could be prevented by incubation of the cells with APC ( Figure 5E ). Similar to APC, the APC-derived P3R M peptide, but not the thrombin-derived P3K M peptide, prevented histone-induced endothelial barrier disruption. In another thrombin-independent endothelial barrier assay where the endothelial cells were near confluent and spontaneously leaky, both APC and the P3R M but not the P3K M peptide improved endothelial barrier function ( Figure 5F ). Collectively, these results demonstrated that PAR3 peptides (>13-mer) derived from APC cleavage of PAR3 at Arg41 acted as APC mimetics and conveyed APC-like endothelial barrier-protective effects on cells. PAR3 cannot signal on its own but instead modulates PAR1-dependent signaling via the formation of PAR1 heterodimers. 24, 32 Accordingly, the barrierprotective effects of P3R M on spontaneously leaky near-confluent endothelial cells were abrogated by the specific PAR1 antagonist SCH79797, indicating that the barrier-protective effects of APCderived PAR3 peptides required PAR1 similar to the barrierprotective effects mediated by APC ( Figure 5F ).
An acute VEGF-induced skin vascular leakage model was used to test if APC-derived PAR3 peptides modulated vascular permeability in vivo ( Figure 6A ). Mice were intravenously injected with Evans blue 30 minutes before subcutaneous injection of VEGF or bovine serum albumin control on the abdomen, and extravasation of Evans blue was determined by placing the mice on the Odyssey Infrared Fluorescence Imager and recording the fluorescence of Evans Blue in the skin at 700 nm. After injection of bovine serum albumin vehicle control, only the needlepoints marking the injection site could be observed, whereas VEGF induced clearly distinguishable areas of Evans blue extravasation ( Figure 6 ). Areas of Evans blue extravasation were easily detectable in the 700-nm channel of the Odyssey Imager, which greatly facilitated reproducible quantification of Evans blue extravasation and eliminated the timeconsuming need for Evans blue extraction from punch biopsy ( Figure 6C ). When the PAR3 peptides (P3R L or P3K L ) or phosphate-buffered saline vehicle control were injected intravenously in the retro-orbital sinus 60 minutes before VEGF, P3R L but not P3K L decreased vascular leakage by 38% (P , .05, n 5 8 mice) ( Figure 6D ). Neither P3R L nor P3K L affected vascular leakage in the absence of VEGF.
In summary, the P3R L peptide representing the sequence of the novel N-terminus that is generated by cleavage of PAR3 at Arg41 exerts remarkable biologic activities in vitro and in vivo that reflects the general cytoprotective activity profile of APC but not that of thrombin. Based on these results, we propose a novel paradigm for the biochemical mechanisms of APC via PAR3 involving generation of a new N-terminal tethered ligand, which initiates APC-like cytoprotective endothelial barrier-protective effects in vitro and promotes vascular integrity in vivo.
Discussion
Thrombin signaling via PAR1 results in activation of RhoA and endothelial barrier-disruptive effects. 35 In contrast, barrier-protective APC signaling via PAR1 occurs in cells expressing EPCR and requires b-arrestin 2 recruitment to PAR1 in lipid rafts or caveolae and downstream signaling that results in Akt and Rac1 activation. 17, 36 Thus, APC-mediated PAR1 activation is not only qualitatively different from thrombin-mediated PAR1 activation but also mechanistically different. However, the question remains how APC and thrombin can both use PAR1 to mediate these opposite cellular effects. Because PAR3 is implicated in contributing to APC's cytoprotective effects and is a substrate for thrombin, we hypothesized that PAR3 might contribute to differentiation of APC's vs thrombin's effects on cells that are dependent on PAR1. Here, we show that APC cleaved PAR3 in the presence but not the absence of EPCR. Cleavage of PAR3 by APC uniquely occurred at the noncanonical Arg41 residue in contrast to thrombin-mediated cleavage of PAR3 occurring at the canonical Lys38.
Inherent to the biochemistry of PAR receptors, where receptor activation occurs via interactions of the receptor with the tethered ligand immediately following the protease cleavage site, a noncanonical cleavage site implies either the generation of a novel tethered ligand or the destruction of the canonical ligand. We confirmed that PAR3 contributed to thrombin-induced barrier disruption; 32 thus, it is conceivable that noncanonical APC cleavage of PAR3 at Arg41 could contribute to destruction of the canonical PAR3 tethered ligand, thereby blunting the barrier-disruptive effects of thrombin. Furthermore, the evidence also strongly suggests that APC cleavage of PAR3 at Arg41 created a novel tethered ligand. The noncanonical APC-derived PAR3 tethered-ligand peptides (P3R) induced endothelial barrier-protective effects regardless of whether barrier disruption was induced by thrombin or histones or in semiconfluent cells. These barrier-protective effects were specific to the APC-generated PAR3 peptides, because the canonical, thrombin-derived, PAR3 tethered-ligand peptides (P3K) were without effect on barrier permeability. In vivo vascular protection of the APC-derived (P3R L ) PAR3 peptide against VEGF-induced vascular breach confirmed the cellular agonism of PAR3 peptides starting at Gly42. Thus, APC cleavage of PAR3 at Arg41 creates For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From a novel tethered ligand with APC-like barrier-protective effects. These striking observations raise many new questions that remain to be answered.
Why does APC cleave PAR3 at Arg41? Perhaps the pertinent question is: Why does thrombin cleave at Lys38? Both proteases clearly prefer a P1 Arg based on known substrate sequences. Cleavage at Lys38 by thrombin is likely dictated by the highaffinity binding of the PAR3 hirudin-like sequence to thrombin's exosite I, which introduces spatial constraints that are incompatible with cleavage at Arg41. Because APC is not restricted by highaffinity binding to the PAR3 hirudin-like sequence, cleavage at Arg41 is not surprising considering that the PAR3 P5-P59 (IKTFR/ GAPPN) specificity subsite is very similar to that of protein C inhibitor (IFTFR/SARLN), with 80% identity in the P5-P1 residues and 40% in the P19-P59 residues. 37 The PAR3 P5-P59 region has been highly conserved (. 80%) between various species, except for rodents (supplemental Table 1 ). Remarkably, the equivalent of human Arg41 was Asn in both mouse and rat, whereas a basic cleavage site was completely absent in rat PAR3 that have Glu as the equivalent of human Lys38. The functional differentiation of PAR3 in rodents to restore platelet functionality to thrombin after PAR1 was lost from rodent platelets provides a possible explanation for this remarkable contrast between rodent PAR3 and that of other species.
Functional EPCR was required for cleavage of PAR3 by APC, similar to APC-mediated cleavage of PAR1. 8, 30 Previously, PAR3 cleavage by APC on podocytes was independent of EPCR. 24 However, we found no evidence to support cleavage of human PAR3 by APC in the absence of EPCR. Other APC cofactors can possibly replace EPCR's cofactor function for PAR3 cleavage by APC on podocytes. [38] [39] [40] Alternatively, inflammatory mediators and various cytokines have known deleterious effects on EPCR expression and therefore, the effect on EPCR expression of continuous inclusion of interferon-g in the culture media of conditionally immortalized podocytes to keep them proliferating and undifferentiated is difficult to predict. 24, 41, 42 How do the APC-derived PAR3 tethered ligand peptides induce APC-like endothelial-and vascular-protective effects? Recently, we proposed a novel mechanism for APC-induced biased PAR1 signaling based on noncanonical PAR1 cleavage by APC at Arg46. 30, 43 A PAR1 peptide starting at Asn47 (TR47), representing the novel tethered ligand after APC cleavage at Arg46, conveyed endothelial barrier-protective effects in vitro and reduced VEGFinduced vascular permeability in the skin in vivo. 30 Thus, functionally, the PAR1 and PAR3 noncanonical TR47 and P3R peptides seem to share similar endothelial-and vascular-protective effects; however, clear mechanistic differences were noted. For instance, the P3R L reduced vascular permeability in vivo when administered 1 hour, but not 5 minutes (data not shown), before VEGF, whereas TR47 was effective only when given 5 minutes, but not 1 hour, before VEGF, 30 suggesting that P3R L and TR47 differ in their timing of cellular agonism resulting in vascular-protective effects. Abrogation of the barrier-protective effects of the P3R PAR3 peptide in the presence of the PAR1 antagonist SCH79797 indicated that PAR1 was involved. Although our data does not exclude the involvement of other PARs or even other non-PAR receptors, one interpretation would be that the APC-derived PAR3 peptide induced APC-like PAR1 activation. However, in contrast to TR47 that caused APC-like activation of Akt by phosphorylation of Ser473, neither P3K nor P3R peptides induced Akt or ERK1/2 phosphorylation in EA.hy926 endothelial cells (data not shown). Another interpretation would be that the APC-derived PAR3 peptide modulates PAR1-dependent signaling rather than inducing PAR1 signaling. Such a mechanism would be in agreement with the published literature. Early on, thrombin was found to induce PAR3-dependent signaling that required PAR1. 21 PAR1 and PAR3 constitutively form PAR1-PAR3 heterodimers that after activation result in altered patterns of G-protein coupling compared with PAR1 homodimers. 32 Furthermore, association of PAR3 with caveolin-1 suggests that PAR3, at least in part, resides in PAR1-and EPCR-containing caveolin-1-enriched micro domains or caveolae that are important for induction of APC cytoprotective signaling. 24 Partial abrogation of APC's endothelial barrier-protective effects by siRNA PAR3 knockdown is also consistent with modulation of PAR1 signaling by PAR3. 44 Thus, despite functional similarities between PAR1 and PAR3 noncanonical TR47 and P3R peptides, the underlying mechanisms for cellular agonism seem to be different.
In summary, noncanonical cleavage of PAR3 by APC resulted in a tethered ligand sequence that is different and functionally distinct from that generated by thrombin. Although additional studies are needed to clarify the mechanisms for functional selectivity of canonical and noncanonical PAR3 agonist peptides, our data provide new insights into why and how thrombin-and APC-mediated PAR signaling are different and suggest a unique contributory role for PAR3 in the complex mechanisms underlying APC cytoprotective effects. 
